Abstract: Microwave photonics (MWP) studies the interaction between microwave and optical waves for the generation, transmission and processing of microwave signals (i.e., three key domains), taking advantages of broad bandwidth and low loss offered by modern photonics. Integrated MWP using photonic integrated circuits (PICs) can reach a compact, reliable and green implementation.
Introduction
Microwave photonics (MWP), an emerging interdisciplinary field by bringing together microwave and optical waves [1] [2] [3] [4] , is capable of overcoming the current challenges and troubles in the generation, transmission and processing of microwave signals (i.e., three key domains of MWP), thanks to the inherently broadband and lowloss features of modern photonics. Traditionally, MWP systems using discrete components are fully exploited and implemented, for instance, in arbitrary waveform generator, wireless communications, signal processing and detection, and radar [5] [6] [7] [8] [9] . However, the scalability in both function and cost hinders the popularization of MWP. Hence photonic integrated circuit (PIC) leading to a compact and easy-to-handle implementation is needed to accelerate the integrated MWP's maturity [10] [11] , as it can greatly reduce the footprint and cost and considerably enhance the stability and energy efficiency.
Recently, a large number of PICs have been developed to implement different microwave devices or systems, including signal generators [12] [13] [14] [15] [16] , filters [17] [18] [19] , true-time delay lines and beamformers [20] [21] [22] [23] , signal processors [24] [25] [26] [27] [28] [29] [30] , frontends and transceivers [31] [32] [33] [34] [35] , and systems for signal characterization and interference cancellation [36] [37] [38] [39] . Particularly, a few PICs have been developed to enable a generic, programmable processor or processor core [25] [26] [27] [28] [29] in the signal processing domain. However, these PICs are currently developed to perform one or more functions covering a single domain (i.e., microwave signal generation, transmission or processing). Namely, the PIC-assisted functions are restricted inside a single domain (see the overview listed in Table 1 ). The weakness behind the single-domain operation leads to long development time, high foundry cost, and thus limited applications. In addition, although PICs have been widely used in MWP field, they mostly have been only conceptually demonstrated in laboratory tests with well-conditioned laboratory environments or offline conditions [25] [26] [27] [28] [29] [30] . There exists a serious gap between laboratory demonstrations and practical applications, in which stability and robustness are two issues that must be addressed.
Therefore, we propose a multifunctional PIC capable of covering all the three key domains of MWP, the microwave signal generation, transmission and processing. The PIC is fabricated by monolithically integrating four tunable lasers, two modulators, and seven multimode interference (MMI) couplers. It is designed to enable a few multifunctional or switchable on-chip elements, modulation architectures, and optical signal-flows. Using the multifunctional PIC, seven fundamental microwave functions across the three domains have been enabled.
The PIC is stable and robust for direct deployment in real-world applications, including electromagnetic environment surveillance for an in-service high-speed railway, broadband wireless communications, and remote high-definition (HD) video access. This work demonstrates a milestone step towards the evolution and maturity of the integrated MWP, and therefore toward the future massive applications. 
Multifunctional photonic integrated circuit (PIC)

PIC design and fabrication
The PIC is firstly designed and fabricated on the InP material platform offered by the European joint JePPIX platform (www.jeppix.eu). As shown in Figure 1a , it has four distributed Bragg reflection lasers (DBRLs) in 
Multifunctional on-chip elements, architectures and signal-flows
The PIC is designed to be have multifunctional elements, modulation architectures, and switchable optical signal-flows. With the four-section body (see Figure 1b) , each DBRL is playing a multifold role inside the PIC;
it can operate as a single-wavelength laser for generating an optical carrier with tunable wavelength, an ultranarrow filter through optical injection locking, or a bandpass amplifier when biased slightly below the threshold current, as illustrated in Figure 2 . 
Seven fundamental functions across three key domains
The multifunctional PIC is able to implement multiple fundamental functions across the three key domians of MWP (i.e., microwave signal generation, transmission and processing). In detail, seven microwave photonic functions are demonstrated here, including remote signal generator, analog intensity-modulation and phase-modulation MWP links, tunable bandpass and bandstop filters, microwave frequency measurement and pulse repetition rate measurement. The block diagrams and measured results are depicted in Figure 3 , and more details can found in Section S2 of Supporting Information.
Signal generation domain: remote microwave signal generator
To implement a remote microwave signal generator, the PIC is configured with DBRL 3, DBRL 4 and the PM, Figure S3 ). It should be highlighted that the PIC ensures both short-term and long-term stability on the phase and amplitude of the generated microwave signals, which are extremely difficult to achieve in conventional two-branch architectures using discrete components (see discussions in Section S3, Supporting Information).
Signal transmission domain: analog intensity-modulation and phase-modulation MWP links
The PIC can be installed in analog intensity-modulation and phase-modulation MWP links, providing remote transmission of microwave signal. In the analog intensity-modulation MWP link, one laser (DBRL 1 or DBRL 2) is activated, and inside the on-chip IM the microwave signal to be transmitted is modulated on the optical carrier from the laser. For instance, an 8-GHz analog microwave signal carrying 500-Mbaud OOK (on-off keying) or QPSK (quadrature phase shift keying) baseband signal is applied, which is then transmitted over a 10-km single-mode fiber with the assistance of the PIC. In the central unit, the baseband signal is recovered via optical envelope detection and electronic downconversion. The bit error rate (BER) curves and corresponding eye diagrams are recorded and shown in Figure 3b .
Likewise, in the phase-modulation link, the same microwave signal is applied to the PM inside the PIC, when DBRL 4 is switched on. As well known, linear phase demodulation is the critical step in the phase-modulation MWP link. Here, in the central unit the microwave signal is generated via phasemodulation to intensity-modulation conversion using an optical bandstop filter (actually a fiber Bragg grating with a 3-dB notch bandwidth of 0.08 nm) for phase demodulation. The BER curves and eye diagrams are recorded and shown in Figure 3c . It is clear that a BER of 10 -4 is achieved at an optical power level around -10 dBm in both analog intensity-modulation and phase-modulation links when the microwave signal is carrying an OOK (500 Mbit s -1 ) or QPSK (1 Gbit s -1 ) signal.
Signal processing domain: tunable bandpass and bandstop filters, microwave frequency measurement and pulse repetition rate measurement
The PIC can also be employed for performing multiple functions in the microwave signal processing domain. In this section, tunable bandpass and bandstop filters, and systems for microwave frequency measurement and pulse repetition rate measurement will be demonstrated.
Both tunable bandpass and bandstop filters can be implemented by using the PIC. In the tunable bandpass filter, the PIC is configured to operate at an anticlockwise signal-flow mode and DBRL 4 is Microwave frequency measurement [36] [37] [38] is of significance for civil and military applications, and the PIC enables us to implement such a measurement system. A dispersion-induced microwave power fading response from the PM branch of the PIC is incorporated with the periodic response of the two-tap microwave filter in the IM branch. As shown in Figure 3f , microwave frequency measurement has been realized within the range of 8.1~17.9 GHz without ambiguity, while frequency errors are estimated to be less than 120 MHz (see details in Section S8 of Supporting Information).
For the measurement of the pulse repetition rate (PRR) or time-of-arrival (TOA) of a microwave signal [41] , a system is designed by configuring the PIC with the IM and DBRL 1. The target microwave signal is remotely received by the PIC and transmitted to the central unit through a 10-km fiber. By incorporating a photodetector (PD) and a low-pass filter (or equivalently using a low-speed PD), the PRR can be measured in the central unit, totally independent of the carrier frequency. As shown in Figure 3g , the PRR at 10 MHz is successfully obtained from the target microwave signal without any prior information about the carrier frequency (8 or 12 GHz). Furthermore, the measurement to other PRRs (e.g., 50 and 100 MHz) of microwave signals at 8 and 12 GHz have also been demonstrated in Figure S6 , while the carrier frequencies are unknown during the measurement.
More details about the seven functions referring to the three key domains of MWP can be found in Sections S3-S9 of Supporting Information.
Real-world applications in the microwave signal transmission domain
Besides the experiments demonstrated in laboratory above, the PIC is fully packaged and assembled to support a host of real-world applications for microwave signal generation, transmission and processing in both indoor and outdoor scenarios for the first time. Concerning the microwave signal transmission using the PIC, in particular, the remote electromagnetic environment surveillance, broadband wireless communications, and remote HD video access have been demonstrated here.
Remote electromagnetic environment surveillance along an in-service high-speed railway
With the rapid growth of in-service high-speed railways all over the world (e.g., 26,869 km in-service high-speed lines in China and totally 41,908 km in the world by June 12, 2018 [42] ), real-time electromagnetic environment surveillance is of great significance to ensure the safety and high operation efficiency of the high-speed railway network (see discussions in Section S10 of Supporting Information). Using the PIC, a photonic system is designed to monitor the electromagnetic environment and interferences in the global system for mobile communications-railway (GSM-R, a radio system widely used to support high-speed train control & dispatching function). As shown in -gnized (marked by "none" or "green arrows"), the radio components will be discriminated and alarmed as suspected adjacent-channel or out-of-band electromagnetic interferences (EMIs) from intermodulation or foreign sources. Besides, the in-band or adjacent-channel interferences can also be effectively monitored from the eye and constellation diagrams, as the PIC is used for implementing remote microwave signal (GSM-R signal) acquisition and transmission. More results are shown in Figure S8 of Supporting Information.
Consequently, based on the PIC-enabled function in the microwave signal transmission domain, a low-cost and real-time photonic system to electromagnetic environment surveillance has been established for promoting the safety and efficiency of the high-speed railway network. This photonic system can also be seamlessly compatible with next-generation wireless communication system, e.g., long-term evolution for railway (LTE-R). More details can be found in Section S10 of Supporting Information and Movie S1.
Broadband wireless communications and remote HD video access
For the implementation of broadband wireless communications, the multifunctional PIC is embedded into a commercial time-division LTE (TD-LTE) system operating at 2.35 GHz, as shown on the top of 
Conclusion
We have proposed and demonstrated a multifunctional PIC for MWP. As listed in Table 2 , the PIC has been designed to enable multiple fundamental microwave functions across the three key domains of MWP (i.e., microwave signal generation, transmission and processing), not a single function in previous reports. They are compelling for a wide range of applications, including the remote microwave signal generator, analog intensitymodulation and phase-modulation MWP links, tunable microwave bandpass and bandstop filters, microwave frequency measurement and pulse repetition rate measurement.
Then the PIC has been directly deployed for remote signal transmission in real-world MWP applications, such as electromagnetic environment surveillance for an in-service high-speed railway, broadband wireless communications, and remote HD video access. To the best of our knowledge (see the overview in Table 1 ), this work can be considered as the first demonstration to a multifunctional PIC for diverse applications across the microwave signal generation, transmission and processing, as well as real-world applications integrated MWP in both indoor and outdoor scenarios. 
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